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Root NRT, NiR, AMT, GS, GOGAT​ 
and GDH expression levels reveal 
NO and ABA mediated drought 
tolerance in Brassica juncea L.
Seema Sahay1,2,3, Luis Robledo‑Arratia2, Katarzyna Glowacka3 & Meetu Gupta1* 

Little is known about the interactive effects of exogenous nitric oxide (NO) and abscisic acid (ABA) 
on nitrogen (N) metabolism and related changes at molecular and biochemical levels under drought 
stress. The present study highlights the independent and combined effect of NO and ABA (grouped 
as “nitrate agonists”) on expression profiles of representative key genes known to be involved in 
N-uptake and assimilation, together with proline metabolism, N–NO metabolism enzyme’s activity 
and nutrient content in polyethylene glycol (PEG) treated roots of Indian mustard (B. juncea cv. 
Varuna). Here we report that PEG mediated drought stress negatively inhibited growth performance, 
as manifested by reduced biomass (fresh and dry weight) production. Total N content and other 
nitrogenous compounds (NO3

−, NO2
−) were decreased; however, NH4

+, NH4
+/ NO3

− ratio and total free 
amino acids content were increased. These results were positively correlated with the PEG induced 
changes in expression of genes and enzymes involved in N-uptake and assimilation. Also, PEG supply 
lowered the content of macro- and micro-nutrients but proline level and the activity of ∆1-pyrroline-5-
carboxylate synthetase increased indicating increased oxidative stress. However, all these responses 
were reversed upon the exogenous application of nitrate agonists (PEG + NO, PEG + NO + ABA, and 
PEG + ABA) where NO containing nitrate agonist treatment i.e. PEG + NO was significantly more 
effective than PEG + ABA in alleviating drought stress. Further, increases in activities of L-arginine 
dependent NOS-like enzyme and S-nitrosoglutathione reductase were observed under nitrate agonist 
treatments. This indicates that the balanced endogenous change in NO and ABA levels together 
during synthesis and degradation of NO mitigated the oxidative stress in Indian mustard seedlings. 
Overall, our results reveal that NO independently or together with ABA may contribute to improved 
crop growth and productivity under drought stress.

Drought stress is the most dominant abiotic stress that severely affects plant growth performance and productiv-
ity, particularly in arid and semi-arid areas all around the world1,2. Drought stress results from an unexpected 
deviation in climate, year to year depletion of groundwater/freshwater, and rapid population growth coupled 
with modernization and anthropogenic activities3,4. Crop productivity mainly depends upon the availability of 
freshwater, and drought stress reflects insufficient availability of water to plants. Consequently, it is a substantial 
barrier in achieving the goal to double agricultural crop production by 2050 to meet the expected demand of a 
rising global population5,6. At the cellular level, drought stress provokes the generation of reactive oxygen spe-
cies (ROS), abscisic acid (ABA) and reactive nitrogen species (RNS) such as nitric oxide (NO), and its derived 
species including S-nitrosothiols (SNO) or S-nitrosoglutathione (GSNO) in plants7–10. NO is a small signaling 
molecule and it plays a crucial role in diverse plant cellular functions including plant defense, stomatal regula-
tion, root development, etc., under stress and non-stress conditions11. NO can counteract the effects of ROS 
either by directly scavenging them or by re-stimulating the antioxidant defense system. However, cross-talk of 
NO and ROS modify NO’s benign property into a nitrosative agent, when its endogenous concentration along 
with duration of cross-talk is higher than appropriate causing nitrosative or nitro-oxidative stress in plants12. It 
is a well-known phenomenon that excess ROS induces oxidative stress in plants by disturbing their physiological 
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and metabolic status including inhibition of mineral nutrient uptake, allocation and assimilation. Among various 
nutrients, nitrogen (N) is a key nutrient for plant growth and development as a building block of fundamental 
biological molecules, such as nucleotides, amino acids, proteins, ATP, co-enzymes and chlorophyll13. In fact, N 
content and its metabolism in and outside of plants plays an essential role as a signal in closely regulating the 
response associated with the resistance/tolerance/adaption of plants to environmental challenges, including 
drought stress14,15. Several studies including the present work have reported that drought stress affects N absorp-
tion and consequently inhibits enzymes through alteration in the transcriptional levels of transporters implicated 
in N-metabolism (e.g., nitrate (NO3

−) transporters (NRTs), ammonium (NH4
+) transporters (AMTs), nitrate 

reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate synthase (GOGAT), glutamate 
dehydrogenase (GDH))16–18.

The N-assimilation process begins with the uptake of inorganic NO3
−, and ends with the final assimilation 

into organic compounds or amino acids with intermediate synthesis of NO2
− and NH4

+ by the catalytic activities 
of NR and NiR, respectively. Before the conversion of NH4

+ directly to amino acids, it can also be reduced to NO 
via the glutamine synthase-glutamine-2-oxoglutarate amino transferase (GS-GOGAT) system. After that, as a 
part of a defense mechanism NO may react with reduced glutathione (GSH) to produce SNO or GSNO, which is 
a major stable reservoir of NO in the plant cell19. GSNO is then metabolized by its conversion into oxidized glu-
tathione (GSSG) and NH4

+ by NAD(P)H dependent enzyme GSNO reductase (GSNOR)20 (Fig. 1). This enzyme 
is responsible for maintaining NO homeostasis and protecting the plant cell from nitrosative or nitro-oxidative 
stress. Studies suggest that N-assimilatory enzymes are the significant determinants in NO-mediated improved 
plant growth by fine-tuning of NO synthesis and scavenging20,21. Hence, N–NO regulation responses in plants 
have been considered crucial, as NO is synthesized during N assimilation via enzymatic and non-enzymatic 
pathways. The enzymatic reductive pathways include: nitrite-dependent reactions via xanthine oxidoreductase 
(XOR), NR, nitrite dependent nitric oxide reductase (Ni:NOR). The oxidative route includes l-Arginine (l-Arg)-
dependent nitric oxide synthase like enzyme (NOSLE) activity, and polyamines or hydroxylamines reactions.

It has been highlighted that NO interacts with various phytohormones such as ABA, auxin, cytokinin, gib-
berellins, salisylic acid, brassinosteroid, ethylene, jasmonic acids, and polyamines22. Amongst all, ABA is the 
best-known stress phytohormone that regulates various key physiological responses to drought stress. Interest-
ingly, NO is an intermediate signaling molecule of these responses. As such, NO helps to pass the ABA-induced 
signaling events in plants to respond accordingly during stress conditions. Studies revealed that NO and ABA 
are interlocking molecules, and signal one another to synthesize for subsequent change in redox balance and 
development of redox homeostasis in the plant cell. Hence, NO and ABA facilitates adaptive/tolerant responses 
under stress23. However, NO-dependent ABA-induced physiological responses are not always the result of coop-
erative/synergistic interaction between NO and ABA. In fact, NO may also be an antagonist and exert down-
stream regulation to ABA in order to finely tune the ABA-triggered responses24,25. Several factors including plant 
developmental stage, tissue- and time-dependent pattern of accumulation, threshold levels, interaction with 
other hormones, and the environmental interactions determine this diverse functional relationship between 
NO and ABA.

It is worth mentioning that most studies have shown that individually applied exogenous NO or ABA alle-
viates various abiotic stresses, including drought stress. To date, however, only a few studies regarding their 
co-mediating effects are available, and most of these focus only on physiological processes of seed dormancy, 
stomatal behavior, seed germination and root development23,26. Hence, not much is known about the possible 
interactive effects of both signaling molecules at the whole plant physiological level. Therefore, the main objec-
tive of the present study is to evaluate the effects of individual and simultaneous addition of NO and ABA under 
PEG-mediated drought stress using Indian mustard (Brassica juncea) as a model plant. B. juncea is mainly 

Figure 1.   Nitrogen uptake and assimilation, and its interconnection with nitric oxide signaling process in 
plants.
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cultivated for its oil and leaves which constitutes various vital nutritional and medicinal applications. We chose 
this crop as a model because of its high photosynthetic capacity27, and the natural genetic variation in the traits 
related to drought tolerance. Various parameters of N uptake and metabolism (such as NO3

−, NO2
−, NH4

+, NH4
+/

NO3
− ratio, total N and free amino acids content) were analyzed. Proline metabolism, mineral nutrients status, 

and enzymatic and non-enzymatic NO synthesis along with expression profile of N-uptake and assimilating genes 
were also assessed in this study. As plants face multiple stresses at a time, individual study of similar genes under 
different stress conditions will further help to discover the role of some specific genes which might be regulated by 
abiotic stress leading to the development of improved mustard varieties. The gene expression study of N-related 
transporters will be of particular importance for generating new Brassica varieties with increased N use efficiency 
and tolerance to drought stress through transgenic approaches. In the present work, we elucidated underlying 
mechanism to NO and/or ABA crosstalks in drought stress with particular reference to N-metabolism, and 
related changes at molecular and biochemical levels that drive modulation in oxidative stress.

Results
Results are discussed by comparing the control plants with PEG or a group of nitrate agonists (i.e., PEG + ABA, 
PEG + NO and PEG + NO + ABA) rather than with NO or ABA alone, because ABA or NO treatments were 
not significantly different to control (no water stress) for all parameters except SNO/GSNO content and some 
micro-macronutrients studied (Supplementary Materials Table S1). Further, we have grouped all three PEG-
combination treatments together as “nitrate agonists” as they showed similar trends of responses for all param-
eters studied; however, the magnitude of their effect was different. The effect of PEG + ABA was significantly 
less than PEG + NO for all parameters except for endogenous NO and its stable reservoir, i.e., SNO and GSNO 
content. PEG + ABA treatment was found to be equally effective to PEG + NO only when it was supplied together 
with NO (i.e., PEG + NO + ABA).

Effect of water stress on growth, biochemical and physiological parameters, and transcript 
levels.  As depicted in Fig. 2A and Table 1, the phenotypic appearance (particularly root length) and growth 
parameters (such as shoot and root length, fresh and dry biomass) of 7-day-old Indian mustard seedlings were 
influenced negatively by 96 h exposure to PEG treatment. A significant reduction was noted in root length com-
pared to shoot length under PEG treatment over control (Table 1). Furthermore, water stress caused membrane 
damage as the Evans Blue uptake was considerably higher in PEG treated roots, compared to control (Fig. 2B, 
Supplementary Materials Table S2). The analysis of endogenous NO and its stable reservoir, i.e., SNO and GSNO, 
is displayed in Fig. 2C–E. The PEG exposed roots showed a significant increase in CLSM-measured relative 
fluorescent intensity compared to control. A similar result was observed for total SNO and GSNO content. The 
activities of enzymes involved in NO synthesis and its degradation were also measured to assess NO homeostasis 
(Fig. 2F, G). After 96 h exposure of PEG-induced drought stress to 7-d old Brassica roots, the activity of L-Arg 
dependent NOS-like enzyme (NOSLE) was found to be increased by 27% over control. In contrast, GSNOR 
activity (responsible for NO homeostasis) was significantly decreased by ~ 30% upon PEG treatment over con-
trol (Supplementary materials Table S2).

PEG-simulated drought stress disturbed the normal N absorption and its assimilation, causing a decrease 
in NO3

−, NO2
−, and total N content by ~ 52%, ~ 59%, and ~ 33%, respectively over control (Fig. 3A–C, Supple-

mentary materials Table S2). In contrast, NH4
+ content was significantly increased (1.25 times) which led to an 

increased NH4
+/NO3

− ratio (4.5 times) in PEG treated B. juncea roots in respect to control roots (p < 0.05). The 
results related with the changes in activity of NR, NiR, GS, GOGAT and GDH enzymes have been portrayed 
in Fig. 4A–F. Under PEG solution, the root activity of NR decreased by ~ 39%, NiR by ~ 48%, GS by ~ 39%, and 
GOGAT by ~ 38%, over control values. In contrast, the activity of NADPH-GDH and NADH-GDH showed 
a significant increase under PEG treatment (*p < 0.05, Fig. 4C,F, Supplementary Materials Table S3). Also, as 
depicted in Fig. 5, PEG-drought stress exhibited a significant reduction in the accumulation of various macro- 
and micro-nutrients including phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), 
sulphur (S), iron (Fe), copper (Cu), manganese (Mn), and zinc (Zn) (Supplementary materials Table S4). Fur-
thermore, the analysis of total free amino acids, proline content and proline synthesizing enzyme (P5CS) activity 
showed a significant difference between control and PEG at p < 0.05. PEG treatment caused an increase in total 
free amino acids, proline and P5CS activity along with a decrease in the activity of ProDH over control treatment 
(Table 2). The percent (%)-increase or decrease values in all biochemical and physiological parameters under 
control versus all treatments are given in Supplementary Materials Table S2.

The expression profiles of genes associated with N-uptake are shown in Fig. 6 and Table S8, where the results 
are shown as relative fold changes in PEG and nitrate agonist treatments with respect to control values. Treat-
ments including NO and ABA alone were not significantly different and hence are not discussed while explain-
ing the results with respect to control. The fold change values are given in Supplementary Materials Table S5. 
After 96 h of PEG treatment, the expression of genes encoding for NRT (BjNRT1.1, BjNRT1.2, BjNRT1.3, and 
BjNRT1.8), NRT2 (BjNRT2.1 and BjNRT2.7), and AMT (BjAMT1.1) were down-regulated except for BjNRT1.7 
and BjAMT1.2 which were up-regulated, respective to control. Similarly, all N-assimilation related genes encod-
ing NR (BjNR1 and BjNR2), NiR, GS (BjGS1.1, BjGS1.3 and BjGS2), and GOGAT (BjFd-GOGAT​ and BjNADH-
GOGAT​), except GDH (BjGDH1 and BjGDH2) under PEG alone treatment were also down-regulated (Fig. 6). 
Further, out of a total of 20 genes expressed, four genes were up-regulated and 16 genes were down-regulated 
in PEG alone treatment (Fig. 6).

Effect of application of nitrate agonists on growth, biochemical, physiological and transcript 
levels under PEG‑water stress.  Measurements of the growth parameters showed that plants were able to 
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Figure 2.   Phenotypic changes, oxidative stress, and NO-metabolism of 7-d-old B. juncea L. after treatment with 
PEG (10%) and its combination with NO (100 µM) and ABA (10 µM) (nitrate agonists) for 96 h. (A) Shoot and 
root phenotypic changes (Scale bar = 2 cm), (B) Evan’s blue uptake, (C, D) endogenous accumulation of NO 
(Scale bar = 50 µm) (E) S-nitrosothiol (SNO) and S-nitrosoglutathione (GSNO) content, (F, G) activity of L-Agr-
dependent nitric oxide synthase-like enzyme (NOSLE) and S-nitrosoglutathione reductase (GSNOR). Values are 
mean ± S.E. of three independent experiments, each including four biological replicates. Asterisk (*) indicates 
significant difference compared with control (*p < 0.05).

Table 1.   Effect of PEG and its combination with NO and ABA (nitrate agonists) on length (shoot and root) 
and plant fresh and dry weight of 7-days-old B. juncea L. seedlings after 96 h exposure to the treatments. 
Values are mean ± S.E. of three independent experiments, each including four biological replicates. Different 
letters within the same column represent significant difference between treatments, where “a” corresponds to 
the highest value and “d” or “e” to the lowest value.

Treatments Shoot length (cm) Root length (cm) Fresh weight (g) Dry weight (g)

Control 8 ± 0.46bc 5 ± 0.25b 0.077 ± 0.003b 0.0057 ± 0.0001ab

NO 9.1 ± 0.53a 6.2 ± 0.30a 0.105 ± 0.004a 0.0071 ± 0.0002a

ABA 8.9 ± 0.52ab 6 ± 0.31ab 0.095 ± 0.003ab 0.0062 ± 0.0002ab

PEG 6 ± 0.32e 3 ± 0.14c 0.036 ± 0.001e 0.0024 ± 0.0001c

PEG + NO 8.2 ± 0.47bc 6 ± 0.25a 0.065 ± 0.002c 0.0060 ± 0.0002ab

PEG + NO + ABA 7.8 ± 0.44cd 5.8 ± 0.25a 0.055 ± 0.002d 0.0049 ± 0.0001b

PEG + ABA 7 ± 0.39d 5 ± 0.20b 0.055 ± 0.002d 0.0048 ± 0.0001b
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Figure 3.   Content of nitrate (NO3
−), nitrite (NO2

−), ammonium (NH4
+), ammonium- nitrate ratio (NH4

+/ 
NO3

−), and total nitrogen (N) of 7-day-old B. juncea L. roots after treatment with PEG (10%) and its 
combination with NO (100 µM) and ABA (10 µM) (nitrate agonists) for 96 h. Values are mean ± S.E. of three 
independent experiments, each involving four biological replicates. Asterisk (*) indicates significant difference 
compared with control (*p < 0.05).

Figure 4.   Activity of nitrate reductase (NR), nitrite reductase (NiR), glutamine synthetase (GS), glutamate 
synthase (GOGAT) and glutamate dehydrogenase (NADPH-GDH and NADH-GDH) of 7-day-old B. juncea 
L. roots after treatment with PEG (10%) and its combination with NO (100 µM) and ABA (10 µM) (nitrate 
agonists) for 96 h. Values are mean ± S.E. of three independent experiments, each including four biological 
replicates. Asterisk (*) indicates significant difference compared with control (*p < 0.05).
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withstand PEG-induced water stress better when supplied with nitrate agonist treatments. As such, PEG + NO, 
PEG + NO + ABA, and PEG + ABA treatments resulted in a significant recovery in PEG induced loss of shoot 
length, root length, fresh biomass, and dry biomass compared to PEG alone (Fig. 1A, Table 1). Among three 
nitrate agonists, PEG + ABA is comparatively less effective than PEG + NO, while application of PEG + ABA co-
supplied with NO i.e., PEG + ABA + NO is equally effective to PEG + NO. Further, these nitrate agonist treat-
ments caused a significant modulation of observed changes in membrane damage by reducing the PEG evoked 
increase in Evans Blue uptake (Fig. 2B). The endogenous NO content (relative fluorescent intensity) of B. juncea 
roots was comparatively higher in all three nitrate agonist treatments compared to PEG alone. A non-significant 
increase was noted for total SNO, whereas GSNO levels were significantly higher in NO containing nitrate ago-
nist treatments (PEG + NO and PEG + NO + ABA) over PEG alone (Fig. 2C-E). Moreover, plants supplied with 
nitrate agonists also resulted in an increase of NOSLE activity, in fact more than PEG alone, with a greater 
increase under PEG + NO treatment (Supplementary Materials Table S2). Activity of GSNOR increased under 
PEG-combination treatments compared to PEG alone, although the activity was lower in respect to control. 
Compared to PEG alone, nitrate agonist treatments supplementation recovered the PEG-induced loss in the 
contents of nitrogenous compounds (NO3

−, NO2
− and total N), (Fig. 3A–C), the activity levels of N-uptake and 

assimilation enzymes (Fig. 4A–D), and macro- and micro-nutrients (Fig. 5, Supplementary Materials Table S4). 
Among nitrate agonist treatments, PEG + NO showed maximum recovery when compared to PEG + NO + ABA 
and PEG + ABA. Also, it was noticed that the application of PEG + NO treatment significantly modulated or 
prevented the PEG-induced changes in NADPH-GDH and NADH-GDH activities (Fig. 4E, F), total free amino 
acids, proline level and P5CS activity (Table 2) towards the control level. It was noticed that ProDH activity was 
remarkably increased under PEG + NO, PEG + NO + ABA, and PEG + ABA treatments compared to PEG treat-
ment alone. The percent (%)-increases or decreases in all biochemical and physiological parameters under PEG 
versus nitrate agonist treatments are given in Supplementary Materials Table S2.

Nitrate agonist treatments countered the PEG-triggered up- and down-regulation of gene expressions. PEG-
induced down-regulated expression of nitrate transporters was found to be up-regulated even more than the con-
trol under the action of nitrate agonist treatments. The expression was increased many times more in PEG + NO 
than PEG + ABA treatment compared to control and PEG alone for BjNRT1.1, BjNRT1.2, BjNRT1.3, BjNRT1.8, 

Figure 5.   Heat map represents ICP-MS content of macro (P, K, Ca, Mg, Na, and S) and micronutrients (Fe, 
Cu, Mn, and Zn) of 7-d-old B. juncea L. roots after treatment with PEG (10%) and its combination with NO 
(100 µM) and ABA (10 µM) (nitrate agonists) for 96 h. Values are mean ± S.E. of three independent experiments, 
each including four biological replicates.

Table 2.   Effect of PEG and its combination with NO and ABA (nitrate agonists) on total free amino acid, 
proline content, and activity of ∆1-pyrroline-5-carboxylate synthetase (P5CS) and proline dehydrogenase 
(ProDH) of 7-days-old B. juncea L. roots after 96 h exposure to the treatments. Values are mean ± S.E. of three 
independent experiments, each including four biological replicates. Different letters represent significant 
difference between treatments, where “a” corresponds to the highest value and “d” or “e” to the lowest value.

Treatments Total free amino acids (mg g−1 FW) Proline content (µmol g--1 FW)
P5CS activity (nmol NADPH oxidised 
min−1 mg−1 protein)

ProDH activity (nmol NADH formed 
min-1 mg−1 protein)

Control 6.9 ± 0.301d 0.329 ± 0.045e 30.4 ± 1.37d 170.0 ± 8.92a

NO 7.4 ± 0.333cd 0.317 ± 0.033e 29.5 ± 1.84d 173.6 ± 7.33a

ABA 7.0 ± 0.300d 0.321 ± 0.042e 29.1 ± 1.67d 170.7 ± 7.77a

PEG 12.7 ± 0.533a 0.452 ± 0.040a 48.8 ± 1.61a 121.3 ± 6.45e

PEG + NO 8.2 ± 0.411c 0.401 ± 0.029c 35.2 ± 1.46c 158.3 ± 7.25b

PEG + NO + ABA 8.8 ± 0.412c 0.361 ± 0.035d 39.6 ± 1.33b 150.2 ± 7.17c

PEG + ABA 9.6 ± 0.431b 0.433 ± 0.042b 41.1 ± 1.35b 139.4 ± 5.83d
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Figure 6.   Relative expression levels of key genes related to nitrogen absorption and assimilation including 
nitrate transporter (BjNRT), ammonium transporter (BjAMT), nitrate reductase (BjNR), nitrite reductase 
(BjNiR), glutamine synthetase (BjGS), and glutamate synthase (BjGOGAT​), and glutamate dehydrogenase 
(BjGDH) in 7-days-old B. juncea L. roots after treatment with PEG (10%) and its combination with NO 
(100 µM) and ABA (10 µM) (nitrate agonists) for 96 h. Expression values were calculated relative to the 
expression of plants grown in control condition under normalization with actin gene (2−ΔΔCT). Values are mean 
with CIs of three independent experiments, each including four biological replicates. *p < 0.05 compared with 
control indicates significant difference.
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BjNRT2.1, BjNRT2.7, BjAMT1.1, and BjAMT2 (Fig. 6, Supplementary Materials Table S5). Similarly, the expres-
sion was also higher for N-assimilation transporters such as BjNR1 and BjNR2, NiR, BjGS1.1, BjGS1.3, BjGS2, 
BjFd-GOGAT​ and BjNADH-GOGAT​ in B. juncea roots supplied with nitrate agonist treatments. PEG-induced 
expression levels of BjNRT1.7, BjAMT1.2, BjGDH1 and BjGDH2 were lower than the treatments of nitrate ago-
nist which were relatively lower than PEG alone but still higher than control. Taken together, the transcripts of 
all genes were higher in PEG + NO compared to control/PEG/PEG + ABA treatments except PEG + NO + ABA 
treatment. Further, out of a total of 20 genes expressed, the expression of 4 genes were commonly up-regulated 
and no gene was found to be commonly down-regulated in PEG and nitrate agonist treatments together (Fig. 6).

Discussion
The real-time CLSM imaging of the endogenous NO accumulation showed that green relative fluorescence inten-
sity was comparatively higher in PEG and nitrate agonists treated roots than control roots. However, the intensity 
of endogenous NO was not significantly higher in SNP (NO donor) treated roots than control roots. The reason 
may be ascribed to that (1) after accumulation NO might have converted into its most stable reservoir species 
i.e., SNO/GSNO as it is evident from Fig. 2E where the content of SNO/GSNO under NO alone is significantly 
higher than control. (2) higher NO synthesis occurs when a plant perceives the stress condition either due to 
oxidative or nitro-oxidative stress which was not exhibited by 100 µM SNP-treated roots in the present study. The 
result was validated/supported by our previous finding that an increase of spectrophotometrically determined 
NO content and ABA content under PEG treatment, with more increase under PEG-combined with NO and/
or ABA treatments in B. juncea28,29. Our result was also supported by the study of Cao et al.30, who observed 
that NO production level was higher in SNP + PEG treated roots of rice seedlings. The higher endogenous NO 
level in nitrate agonist treatments compared to PEG appeared to be beneficial to the plant as an improvement in 
growth parameters and phenotypic changes particularly root morphology was observed against PEG-water stress.

The maximum increase in growth biomass was noted in seedlings supplied with PEG + NO compared to 
PEG + ABA treatment. This is probably linked to more accumulation of NO and its signaling cascade role leading 
to the development of root hairs, thereby increased root surface area, improved water uptake i.e., leaf relative 
water content, (data is shown in our previous study28) and other nutrients, as evident from increased levels of 
macro-micronutrients and plant growth in the present study. The role of exogenous NO and ABA application 
to enhance different growth parameters has also been demonstrated in many crops under drought stress31–33.

Furthermore, exogenous 10 µM ABA treated plants exhibited more growth particularly shoot growth com-
pared to control plants. ABA is generally regarded as an inhibitor of shoot growth, however, this view contradicts 
our finding and also many other published reports of stimulatory effects of ABA under non-stress conditions34–37. 
Studies have shown that wild types with higher endogenous ABA level or ABA-deficient mutants are compara-
tively dwarfed with smaller leaf size in several plant species38,39, suggested that the inhibitory effect of ABA 
depends upon the ABA applications, tissue altered physiological ABA level and corresponding developmental 
changes, and tissue sensitivity in crop plants40–43, however, the scientific discussion is still lagging43. The effect 
of ABA application at 50 µM and 100 µM in inhibiting shoot growth in B. juncea cv. Varuna in well-watered 
condition has previously been reported in our study44.

Proline and total free amino acids are crucial to N metabolism. Under the supplementation of nitrate agonist 
treatments, the level of total free amino acids was reduced but the concentration remained relatively higher than 
control plants, which is actually a part of tolerance/adaptive process contributing to osmotic balance under 
stress conditions like cold and water-deficit stress45,46. However, the combined effect of both on free amino acids 
response under various abiotic stresses has not been evaluated, until the current work. In the present study, PEG 
mediated up-regulation of P5CS activity with simultaneous down-regulation of ProDH accompanied higher 
accumulation of proline which is in agreement with other studies17,47–49. Reduction in proline level under nitrate 
agonist treatments was consistent with lower P5CS activity along with significant increase in ProDH activity. The 
result suggests that application of NO helps to maintain the proline level by manipulating its synthesis (P5CS 
activity) and catabolism (ProDH activity). Reduced proline level, as a consequence of NO donor treatment, 
has also been reported50–52. Several researchers agreed that a balance between proline synthesis and catabolism 
instead of its excessive accumulation plays a vital role in plant tolerance against drought stress53,54.

Macro and micronutrients such as N, P, K, S, Ca, Na, Mg, Fe, Zn, and Mn participate in metabolic processes 
and support the plant physiology and growth development55. Drought stress is known to interfere with the 
availability, uptake and distribution of essential nutrients in plants56, and causes a disturbance in physiological 
functions of plants. In the present study, nitrate agonist treatments surpassed the nutrient deficiency caused by 
PEG-water stress by increasing all the micro- and macro-nutrients. Among nitrate agonists, the effect of NO 
alone or together with ABA (PEG + NO or PEG + NO + ABA) was more efficacious than ABA alone under PEG 
(PEG + ABA) treatment, suggesting that NO participates in water stress acclimation responses to changes in 
nutrient availability, allowing better performance of the plant by alleviating oxidative stress. This might be related 
to higher endogenously generated NO level under PEG + NO and PEG + NO + ABA than PEG + ABA treatments. 
The endogenously generated NO content may have contributed to improve the plant’s capacity to absorb more 
nutrients from the growth medium mediated by its scavenging interaction with ROS or by stimulating the 
antioxidant system, as evidenced from lower O2

·−, H2O2, and MDA, and higher enzymatic and non-enzymatic 
antioxidants activities in B. juncea cv. Varuna in our previous study28. Furthermore, it has been reported that 
deficiency of nutrients causes endogenous NO synthesis and degradation rates to trigger responses associated to 
stress acclimation57,58. The role of exogenous NO supplementation to enhance the micro-macronutrients status of 
crop plants has been studied59,60. However, the interactive action of NO plus ABA is not available in the literature.

S-nitrosation is the process of SNO or GSNO (mobile NO bioactivity reservoir) formation which have great 
physiological relevance in plant development and stress responses20,61. In the present study, decreased GSNOR 
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activity under PEG and nitrate agonist treatments was associated with the increased content of GSNO/total SNO 
level, compared to control. The result is supported by previous experiments that showed a negative correlation 
between SNO/GSNO levels and GSNOR activity62,63. Further, decreased activity of GSNOR over control, but 
increased activity with respect to PEG alone under nitrate agonist treatments indicated that SNO maintains NO 
homeostasis by regulating the intracellular level of GSNO, and indirectly total SNO through their degradation 
into oxidized glutathione (GSSG) and NH4

+ as a part of glutathione-based detoxification mechanism. Under 
nitrate agonist treatments, increase of GSNO/total SNO content with respect to PEG was directly related to the 
endogenous level of NO and promotion of GSH-dependent antioxidants capacity in the protection against oxi-
dative stress19,64, as evident from better changes in growth phenotype of B. juncea seedlings in the present study. 
However, studies have shown that the SNO/GSNO accumulation does not always confer protection in fact it 
may be responsible for nitrosative stress65,66, which was not the case in our experiment. The reason may ascribed 
that SNO/GSNO exhibit different effects depending upon many factors such as its intracellular concentration, 
diverse abiotic stress, dissimilar treatment time period, and strength of stress applied to induce oxidative stress67.

NO is an N-based molecule and an end product of N-assimilation; therefore, we have determined whether 
or not NO and ABA affects N-metabolism, and also analyzed the interconnection between the intermediates of 
N-assimilation and NO signaling. The PEG-mediated water stress significantly impeded the root NO3

− content, 
which was positively correlated with down-regulated expression of BjNRT1.1, BjNRT1.2, BjNRT1.3, BjNRT1.8, 
BjNRT2.1, and BjNRT2.7 transporters except BjNRT1.7. In Arabidpsis, NRT1.7 (AtNRT1.7) functions as a source 
to sink remobilization of NO3

− in phloem68. PEG-induced up-regulation of BjNRT1.7 might reflect their impor-
tance in plant adaptation to stress through its involvement in nitrate remobilization to nitrogen-demanding 
tissues/organs, which is important to sustain plant growth due to stress-induced loss of nitrogen uptake. It may 
also be a reason that NRT1.7 might be down-regulated at early response of stress perception similar to BjNRT1.5 
which was up-regulated after 1 h and down-regulated after 24 h of abiotic stresses exposure which suggested 
to be an adaptive response to stress condition69. However, the kinetic expressions of BjNRT1.7 are needed to be 
addressed in a future study for both roots and shoots which will contribute much to our understanding. Further, 
more experimental studies also need to be done in B. juncea on N-transporters under different stresses which 
are lacking in the literature. Water stress induced decreased NO3

− content indicating decreased NO3
− absorp-

tion by root cells, which could be due to overproduction of ROS that causes loss in plasma membrane integrity 
or electrolyte leakage28,29. However, a greater NO3

− content was observed when plants were grown with nitrate 
agonists, although, PEG + NO and PEG + ABA + NO were better than PEG + ABA. These results imply that a 
higher NO3

− uptake rate is related to NO regulated up-regulation of most NRTs genes, leading to water stress 
tolerance in the plant.

NR is the cytosolic enzyme of NO3
− assimilation and its activity was found to be sensitive (decreased) at 96 h 

of PEG treatment, which is similar to published results in some cases70,71, but not in others30. The reason may be 
related to the severity and duration of the stress imposed to the plants, where NR activity varied between tolerant 
and sensitive genotypes depending upon type of stress and treatment time30. Similar to NR, NiR activity was also 
decreased which was associated with reduced availability of NO2

− due to impaired NR-catalyzed NO3
− reduction 

under PEG-water stress. However, the nitrate agonist treatments restored the NR and NiR activities, indicating 
that NO and ABA facilitates the absorption and subsequent assimilation in roots. As a consequence, production 
of NO3

− and NO2
− were increased as evidenced by up-regulated expression of BjNR1, BjNR2 and BjNiR trans-

porters. In spite of a decrease in NR and NiR activities by PEG-water stress, the NH4
+ content was not affected, 

in fact, it increased significantly with respect to control. Similar results were obtained in other plants, with 
increased NH4

+ content under drought stress, which may be associated with the plant’s tolerance mechanism71. 
Furthermore, the increase of NH4

+ content was correlated with increased GDH activity (NADH-deamination and 
NADPH-amination) followed by its up-regulated expression (BjGDH1 and BjGDH2), probably to compensate 
the inhibition in NiR activity and to provide the required NH4

+ needed for amino acids synthesis. This is evident 
from an increased level of total free amino acids in response to PEG-water stress. The increase of NH4

+ content 
was a result of up-regulated BjAMT1.2 which plays an important role in enhancing NH4

+ uptake and in acclima-
tion to less water availability in response to water stress in our study. Subsequently, water stress suppressed GS 
and GOGAT enzymes which may cause excessive levels of NH4

+ and in turn caused NH4
+ toxicity in plant cells. 

The application of nitrate agonist treatments altered the NH4
+ assimilation pathway, favored the enhancement 

of GS/GOGAT cycle and suppressed the amination and deamination of GDH pathway, which may contribute 
to maintaining the NH4

+ conversion to glutamine and glutamate, and eliminate excess NH4
+. As a result, in the 

presence of nitrate agonists, water stress had a lesser effect on NH4
+ assimilation which in turn improved total N 

content leading to better growth of B. juncea seedlings. Up-regulated BjGS1.1, BjGS1.3, BjGS2, BjFd/NADH-GOG 
and down-regulated BjGDH1 and BjGDH2 under nitrate agonists application were consistent with increased 
activity of GS/GOGAT, and decreased activity of GDH compared to PEG alone, respectively. Goel and Singh69 
have also reported that most of the genes of N-uptake and assimilation in B. juncea were down-regulated under 
salt, osmotic, cold and heat stress.

NR-mediated NO production is widely known with physiological and molecular mechanism, however, the 
existence of an l-arginine-dependent NOSLE activity has also been proposed as a possible source of NO genera-
tion in plant that is similar to NOS activity of animals, although the molecular mechanism responsible for this 
activity has not been identified so far in higher plants72,73. In the present study, the inverse relationship between 
NR activity and NO accumulation (lower NR activity and higher NO content) coincided with NOSLE activity, 
and possibly played a crucial role in synthesizing NO under PEG-triggered oxidative stress, as suggested by 
Hancock74. Although in nitrate agonist treatments a further increase in NOSLE activity had the trend similar to 
the increased NO content, indicating that increased NO2

− level may also be a determinant of NO production by 
allowing higher NR activity to reduce NO2

− into NO. This is in agreement with other studies, and suggests that 
NO2

− production is itself linked to NR-mediated nitrite-induced NO production21,75.
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Conclusions
The results obtained in the present study are summarized through a hypothetical model (Fig. 7). The figure 
shows a putative mechanism underlying cross-regulation between N metabolism and NO/+ABA signaling under 
drought stress through a gene expression approach, followed by targeted physiological analysis in B. juncea cv. 
Varuna. Overall, we have demonstrated that NO and ABA mediated drought tolerance is associated with greater 
total N content along with other mineral nutrient availability, increased N-metabolism enzymes activities, and 
differential regulated expression of NRT, AMT, NR, NiR, GS, GDH and GOGAT​ genes in B. juncea. It is clear from 
the data that NO either alone or together with ABA had an ameliorating effect on drought toxicity on growth 
attributes, manifested in term of increased biomass under PEG treatment. The improved growth could be a result 
of increased but balanced accumulation and interaction of NO level and ABA level as a result of PEG + NO, 
PEG + NO + ABA, and PEG + ABA. In conclusion, our data revealed that NO-ABA signaling and N-assimilation 
interplays in intricate ways to improve drought tolerance.

Materials and methods
Plant material, growth conditions and stress treatment.  Indian mustard (B. juncea L. cv. Varuna) 
plants were used in this study. Disease free seeds were provided by the Indian Agricultural Research Institute 
(IARI), Pusa, New Delhi. Seeds were surface sterilized for 2–3 min in 30% ethanol (v/v), and washed thoroughly 
several times with sterile water. Overnight soaked sterilized seeds were kept in the dark for germination at 
25 ± 2 °C. After 2 days, germinated seedlings were grown up to seven days (d) hydroponically with 5% strength of 
Hoagland Medium (HM) solution (pH 6.2–6.5)76 in a growth chamber at 25 ± 2 °C with a day/night photoperiod 
of 16/8 h and relative humidity of 70%. Ten seedlings were maintained per PVC cup (fitted in a tray containing 
HM solution). 7-day-later, seedlings were supplied with sodium nitroprusside (SNP, a NO donor 100 µM) and 
ABA (10 µM) with or without polyethylene glycol 6000 (PEG 6000, drought stress inducer, 10%, Sigma, cat. no. 
528877) treatment for 96 h, using different combinations: (i) Control (no water stress), (ii) 100 μM NO, (iii) 
10 μM ABA, (iv) 10% PEG, (v) 10% PEG + 100 μM NO, (vi) 10% PEG + 10 μM ABA + 100 μM NO, and (vii) 10% 
PEG + 10 μM ABA. The last three treatments were grouped as “nitrate agonists” as they showed similar trends 

Figure 7.   A schematic comparison of (A) PEG-water stress and (B) nitrate agonists regulated N–NO 
coordinated underlying physiological phenomenon that shows the relationship of NO generation and 
scavenging to molecular mechanism of N-assimilation in B. juncea L. roots. Red boxes and narrow arrows 
represent decrease or down-regulation, while green boxed and wide arrows indicate increase or up-regulation 
in N–NO pathway. NO3

− nitrate, NO2
− nitrite, NH4

+ ammonium, SNO S-nitrosylated glutathione, GSNO 
S-nitrosoglutathione, NO nitric oxide, Glu glutathione, AA amino acids, GSSG oxidised glutathione, P5CS 
∆1-pyrroline-5-carboxylate synthetase, ProDH proline dehydrogenase, NR nitrate reductase, NiR nitrite 
reductase,  NOSLE l-arginine dependent NOS-like enzyme activity, GSNOR S-nitrosoglutathione reductase, GS 
glutamine synthetase, GOGAT​ glutamate synthase, GDH glutamate dehydrogenase.
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of N-related and other parameters studied; however, the magnitude of their effect was different particularly 
between PEG + NO and PEG + ABA. Aeration was maintained continuously and nutrient medium was replaced 
after every 2 days in order to keep seedlings away from nutritional deficiency. To prevent osmotic shock, PEG 
6000 at 10% was added in HM solution to cause a gradual decrease in its osmotic potential until − 1.48 MPa, 
which is believed to cause low osmotic/water/drought stress toxicity. 10% PEG was selected as a moderate con-
centration based on the degree of drought susceptibility index, as reported in our earlier study28. The concentra-
tions of ABA and NO along with 10% PEG were selected from our initial screening experiment carried out at 
various concentrations (0, 0.1, 1, 10, 50 and 100 μM ABA; and 0, 10, 50, 100, 150, 200 μM NO). Results showed 
that 10 μM ABA and 100 μM NO with 10% PEG were close to an optimum combination on analyzing shoot–root 
growth and other related developmental parameters in two B. juncea genotypes44. SNP was used as a constant 
source of NO releasing it in the nutrient medium. Although the concentration of SNP applied was not so high, 
but the SNP treatment containing trays were made photo-protective with aluminium foil to minimize the pos-
sibility of simultaneously releasing cyanide in the solution. After 96 h of treatments exposure, the roots of B. 
juncea seedlings were harvested, wrapped with tinfoil, and immediately frozen in liquid N2, and subsequently 
stored at − 80 °C until further analysis. The experiment was designed and treatments were arranged in a com-
plete randomized block (CRB) design with four biological replicates (n = 4).

Phenotypic changes and growth parameters.  Growth parameters were analyzed using shoot–root 
length, fresh weight, and dry weight of fresh seedlings. Dry weight was recorded after oven-drying the seedlings 
overnight at 70 °C. The phenotypic changes were assessed through the differences in shoot and root length under 
different treatments.

Biochemical analysis.  Measurement of cell viability (Evan’s Blue uptake).  Cell viability (also known as 
loss of plasma membrane integrity/ cell death) was measured spectrophotometrically after application of Evan’s 
Blue, following the method of Ederli et al.77. Fresh root tissues (100 mg) were incubated for 20 min in 2 ml of 
0.25% (w/v) Evan’s Blue dye (Sigma, cat. no. E2129) solution prepared in 0.1 M CaCl2 (pH 5.5) solution. After 
that, roots were washed thoroughly for 15 min with water or 0.1 M CaCl2 (pH 5.5) to wash out unbound dye 
from roots completely. The root tissue with trapped Evan’s Blue was then homogenized with 1 ml of 1% (w/v) 
aqueous sodium dodecyl sulphate (SDS) cell lysis buffer to release trapped Evan’s Blue from the root tissue. The 
homogenate was centrifuged at 14,000×g for 15 min. The optical density of the supernatant was determined at 
600 nm using SDS as blank. Concentration of Evan’s Blue was estimated by referencing a standard curve.

Analysis of endogenous NO, total S‑nitrosothiol (SNO) and S‑nitrosoglutathione (GSNO).  Endogenously pro-
duced NO was detected using NO-specific fluorescent dye diaminofluorescein diacetate (DAF-2DA, Sigma, cat. 
no. 251505), as described by Luo et al.78. Fresh roots having fine root tips were incubated with 10 µM DAF-2 DA 
dissolved in freshly prepared 20 mM HEPES–NaOH buffer (pH 7.4) for 15–20 min in dark at 37 °C, followed 
by washing with same buffer (pH 7.4) twice for 30 min. Images were visualized using confocal laser scanning 
microscope (CLSM) imaging system (495 nm excitation and 515 nm emission wavelength) and then processed 
to quantify NO production as an average signal green fluorescent intensity using ImageJ program. Data was 
expressed in arbitrary unit (AU). Four roots from each treatment were measured, and repeated thrice for each 
experiment. The method based upon hydrolysis of S-nitrosylation in the presence of HgCl2 was used to analyze 
the total SNO in root tissues, as described by Frungillo et al.79. The content of GSNO was detected and quantified 
adopting the liquid chromatography-electrospray mass spectrometry (LC-ES-MS) method of Airaki et al.80, with 
some modifications. The content of SNO and GSNO were expressed in nmol g-1 FW. The detailed methodologies 
are given in supporting file for material and methods.

Analysis of nitrogenous compounds and total N nitrogen.  Fresh roots (0.025 g) were homogenised in 1.5 ml 
of 20 mM HEPES buffer (pH 8.0), centrifuged at 10,000×g for 10 min at 4 °C, and the supernatant was used to 
analyze the nitrogenous compounds using nitro-salicylic acid method of Cataldo et al.81 for NO3

−, the method of 
Snell and Snell82 for NO2

− and Molins-Legue et al.83 for NH4
+ contents. The contents of nitrogenous compounds 

were expressed in µmol g−1 FW. Lindner’s84 method of acid-peroxide digestion was used for estimation of total N 
in over dried root powders. The N content was calculated against a standard curve of (NH4)2SO4 and expressed 
as mg g−1 DW. The methodology is given in detail in the supporting file for materials and methods.

ICP‑MS analysis for macro–micro elements.  Macro (P, K, Ca, Mg, and Na) and micro nutrients (Mn, Fe, Cu, 
Zn) were estimated using inductively coupled plasma- mass spectrometer (ICP-MS, Agilent 7900), following the 
protocol described by Masson et al.85. Dried roots powder (0.1 g) were pre-digested with 4 ml of concentrated 
HNO3:HClO4 (60:40%, v/v) ratio at 120 °C until there was no emission of brown nitrogen oxide gas, further 
digested with HClO4 at 180 °C until the solution turns transparent. The digested mixture was diluted with sterile 
water to a final volume of 40 ml, and the content of macro and micro elements were analyzed. Total S estima-
tion was done according to Chesnin and Yien86. Dried powder of roots (0.1 g) was digested with 5 ml mixture 
of HNO3 and HClO4 in 85:15 ratio (v/v). To 2 ml final volume of digested solution with distilled water, sodium 
acetate buffer (pH 4.8), 50% glycerol and 20% barium chloride were added. Turbidity was measured at 470 nm 
using violet filter on spectrophotometer.

Estimation of total free amino acids, proline and proline metabolism enzymes.  The Yokoyama and Hiramatsu’s87 
ninhydrin method, with some modifications was used to measure total free amino acids in root extracts at 
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570 nm using 80% ethanol as blank against l-leucine (Sigma, cat. no. L8000) standard, as described in the sup-
porting file for material and methods. Bates et al.88 method was used to measure proline content. The detailed 
methodology has been described in our previous report28. For estimating proline metabolism enzymes activities, 
root enzyme extract prepared in 100 mM Tris–HCl buffer (pH 7.4), 100 mM β-mercaptoethanol, 10 mM MgCl2 
and 1 mM PMSF was used for the determination of ∆1-pyrroline-5-carboxylate synthetase (P5CS; EC 2.7.2.11) 
and proline dehydrogenase (ProDH; EC 1.5.99.8) activity, as the method described by Garcia-Rios et al.89 and 
Reno and Splittstoesser90, respectively. The activity was expressed as nmol NADPH oxidised/ NADH formed 
min-1 mg−1 protein, respectively. The detailed methodology is provided in the supporting file for materials and 
methods.

Activities of key enzymes of N‑metabolism.  For extraction and assay for nitrate reductase (NR) activity in root 
tissues (0.2 g), the method of Frungillo et al.20 was adopted that estimates the level of in vitro NR (EC 1.6.6.1) 
activity as NAD(P)H-dependent rate of NO2

− production and was expressed as µmol NO2
− formed min−1 g−1 

FW. For determination of NiR (EC 1.7.7.1) activity, the reaction mixture contained 0.2 ml NADH (2 mg/ml), 
0.6  ml 0.1  M KNO2, 0.2  ml enzyme extract and 1  ml Griess reagent (1% sulfanilamide and 0.02% ethylene 
diamine dihydrochloride) in a total volume of 2 ml. Activity was expressed in µmol NO2

− reduced min−1 g−1 FW. 
The method of Nagy et al.91, with some modifications was used to analyze the total GS (EC 6.3.1.2) activity. The 
method of Singh and Srivastava92,93, with some modifications was used to measure the NADH-GOGAT (EC 
1.4.1.14), and aminating GDH (NADPH-GDH, EC 1.4.1.4) and deaminating GDH (NADH-GDH, EC 1.4.1.2) 
activities. The activities were expressed in term of μmol min−1 g−1 FW. The detailed methodology is given in the 
supporting file for materials and methods.

Activities of key enzymes of NO‑metabolism.  Roots (100 mg) enzyme extract was prepared in 2 ml of 100 mM 
HEPES–KOH buffer (pH 7.5) containing 1 M EDTA, 10% glycerol (v/v), 5 M DTT, 0.5 M PMSF, 0.1% Triton 
X-100 (v/v), 1% polyvinylpyrrolidone (PVP) and 20 µM flavin adinine dinucleotide (FAD) and used for deter-
mination of NOSLE activity, according to the method given by Gonzalez et al.94, with some modifications. The 
method of Barraso et al.95, with some modifications was adopted to determine the GSNOR (EC 1.2.1.1) activity. 
This is based on the rate of NADH oxidation in presence of GSNO. The NOSLE and GSNOR activities were 
calculated using extinction coefficient (ε = 6.22 mM−1 cm−1) and expressed in nmol min−1 mg−1 FW. The detailed 
methodology is given in the supporting file for materials and methods.

Protein estimation.  Protein was measured following the Bradford96 method using bovine serum albumin (BSA) 
as standard, as described in our previous report29.

RNA extraction, cDNA preparation and gene expression analysis.  The expression profiles of Bras-
sica genes related to N-uptake and its assimilation such as BjNRT1.1, BjNRT1.2, BjNRT1.3, BjNRT1.7, BjNRT1.8, 
BjNRT2.1, BjNRT2.7, BjAMT1.1, BjAMT1.2, BjAMT2, BjNR1, BjNR2, BjNiR, BjGS1.1, BjGS1.3, BjGS2, BjFd-
GOGAT​, BjNADH-GOGAT​, BjGDH1 and BjGDH were analyzed. All gene-specific primers and their accession 
details which were used in this study are listed in supplementary materials (Tables S6, S7). The genes selected 
in the present work are based on their putative involvement in N uptake and assimilation in B. juncea under 
multiple abiotic stresses69,97. Goel and Singh69 have been determined the phylogenetic relationship of B. juncea 
proteins with that of their A. thaliana orthologs which were found to be clustered together. Further, we have 
previously shown that NO regulates N assimilation related candidate genes and their enzymes in B. juncea under 
arsenic stress98. Therefore, the present study was carried out to examine the changes in similar genes under 
drought stress.

For total RNA isolation, root tissues were frozen in liquid nitrogen, homogenized in chilled mortar and 
pestle, and stored immediately at − 80 °C until further use. Total RNA was isolated using RNeasy Plant Mini 
Kit (Qiagen, cat. no. 74904) according the manufacturer’s protocol. The concentration of RNA was quantified 
by Nano Drop spectrophotometer, and the quality was ascertained on 1.2% agarose gel. Approximately, 2 μg of 
total RNA was used for first strand cDNA synthesis using RevertAid H Minus First Strand cDNA synthesis kit 
(Thermo Fisher Scientific, Inc., Waltham, MA, US), as recommended by the manufacturer. Prior to perform real 
time PCR analysis, isolated RNA was treated with the RNase-free DNase I (Qiagen, cat. no. 79254), and total 20 μl 
volume was used in a Qiagen RotorGeneQ High Resolution Melt Instrument (Qiagen, cat. no. 9001580) using 
a SensiFAST SYBR No-ROX One-Step Kit (Bioline, USA, cat. no. BIO-72001). The transcript data was normal-
ized relative to control using actin gene of Brassica as a reference gene which was found to be stably expressed in 
different treatment conditions (Supplementary Materials Table S8). The relative gene expression was calculated 
according to the Comparative Cycle Threshold Method using 2−ΔΔCT formula of Livak and Schmittgen99 and 
expressed as the fold change with 95% confidence interval (CI) (Fig. 6, Supplementary materials Table S5). For 
each sample, four biological replicates with three technical replicates were assayed under identical conditions.

Statistical analysis.  The one-way analysis of variance (ANOVA) test was performed to analyze the data 
according CRBD model using SAS (version 9.3, SAS Institute Inc., Cary, NC, USA). The p-values for all param-
eters are given in Supplementary Materials Tables S1 and S3. The significant difference in treatments other than 
control was represented by asterisk (*)/small letters, above the mean value following the Duncan’s multiple range 
test (DMRT) or Tukey’s test at a probability level of confidence (p ≤ 0.05). The resulted data are mean ± standard 
error (SE)/ confidence interval (CI) of four biological replicates (n = 4) taken from three independent experi-
ments. The graphs are plotted using scientific software ORIGIN9.1.



13

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7992  | https://doi.org/10.1038/s41598-021-86401-0

www.nature.com/scientificreports/

Received: 12 August 2020; Accepted: 8 March 2021

References
	 1.	 Suzuki, N., Rivero, R. M., Shulaev, V., Blumwald, E. & Mittler, R. Abiotic and biotic stress combinations. New Phytol. 203, 32–43 

(2014).
	 2.	 Hussain, H. A. et al. Interactive effects of drought and heat stresses on morpho-physiological attributes, yield, nutrient uptake and 

oxidative status in maize hybrids. Sci. Rep. 9, 1–12 (2019).
	 3.	 Lobell, D. B., Schlenker, W. & Costa-Roberts, J. Climate trends and global crop production since 1980. Science 333, 616–620 (2011).
	 4.	 Panda, D. K. & Wahr, J. Spatiotemporal evolution of water storage changes in India from the updated GRACE-derived gravity 

records. Water Resour. Res. 52, 135–149 (2016).
	 5.	 Food and Agricultural Organization. How to Feed the World in 2050 1–4 (Food and Agricultural Organization, 2009).
	 6.	 Tilman, D., Balzer, C., Hill, J. & Befort, B. L. Global food demand and the sustainable intensification of agriculture. Proc. Natl. 

Acad. Sci. USA 108, 20260–20264 (2011).
	 7.	 Wright, S. T. C. & Hiron, R. W. P. (+)-Abscisic acid, the growth inhibitor induced in detached wheat leaves by a period of wilting. 

Nature 224, 719–720 (1969).
	 8.	 Shi, H., Ye, T., Zhu, J. K. & Chan, Z. Constitutive production of nitric oxide leads to enhanced drought stress resistance and extensive 

transcriptional reprogramming in Arabidopsis. J. Exp. Bot. 65, 4119–4131 (2014).
	 9.	 Guan, C. et al. Positive feedback regulation of a Lycium chinense-derived VDE gene by drought-induced endogenous ABA, and 

over-expression of this VDE gene improve drought-induced photo-damage in Arabidopsis. J. Plant Physiol. 175, 26–36 (2015).
	10.	 Santisree, P., Bhatnagar-Mathur, P. & Sharma, K. K. NO to drought-multifunctional role of nitric oxide in plant drought: Do we 

have all the answers?. Plant Sci. 239, 44–55 (2015).
	11.	 Nabi, R. B. S. et al. Nitric oxide regulates plant responses to drought, salinity, and heavy metal stress. Environ. Exp. Bot. 161, 120–133 

(2019).
	12.	 Hasanuzzaman, M., Hossain, M. A. & Fujita, M. Nitric oxide modulates antioxidant defense and the methylglyoxal detoxification 

system and reduces salinity-induced damage of wheat seedlings. Plant Biotechnol. Rep. 5, 353–365 (2011).
	13.	 Singh, U. M., Sareen, P., Sengar, R. S. & Kumar, A. Plant ionomics: A newer approach to study mineral transport and its regulation. 

Acta Physiol. Plant. 35, 2641–2653 (2013).
	14.	 Zhong, L. et al. AtTGA4, a bZIP transcription factor, confers drought resistance by enhancing nitrate transport and assimilation 

in Arabidopsis thaliana. Biochem. Biophys. Res. Commun. 457, 433–439 (2015).
	15.	 Fang, X. Z. et al. Alleviation of proton toxicity by nitrate uptake specifically depends on nitrate transporter 1.1 in Arabidopsis. 

New Phytol. 211, 149–158 (2016).
	16.	 Martinez, H. E. P. et al. Short-term water stress affecting NO3-absorption by almond plants. Sci. Hortic. 197, 50–56 (2015).
	17.	 Pawar, V. V. et al. Effect of osmotic stress on osmolyte accumulation and ammonia assimilating enzymes in chickpea cultivars. 

Indian J. Plant Physiol. 20, 276–280 (2015).
	18.	 Meng, S., Zhang, C., Su, L., Li, Y. & Zhao, Z. Nitrogen uptake and metabolism of Populus simonii in response to PEG-induced 

drought stress. Environ. Exp. Bot. 123, 78–87 (2016).
	19.	 Begara-Morales, J. C. et al. Differential transcriptomic analysis by RNA-seq of GSNO-responsive genes between arabidopsis roots 

and leaves. Plant Cell Physiol. 55, 1080–1095 (2014).
	20.	 Frungillo, L., Skelly, M. J., Loake, G. J., Spoel, S. H. & Salgado, I. S-nitrosothiols regulate nitric oxide production and storage in 

plants through the nitrogen assimilation pathway. Nat. Commun. 5, 1 (2014).
	21.	 Rockel, P., Strube, F., Rockel, A., Wildt, J. & Kaiser, W. M. Regulation of nitric oxide (NO) production by plant nitrate reductase 

in vivo and in vitro. J. Exp. Bot. 53, 103–110 (2002).
	22.	 Freschi, L. Nitric oxide and phytohormone interactions: current status and perspectives. Fron. Plant Sci. 4, 398 (2013).
	23.	 Hancock, J. T., Neill, S. J. & Wilson, I. D. Nitric oxide and ABA in the control of plant function. Plant Sci. 181, 555–559 (2011).
	24.	 Lozano-juste, J. & Leon, J. Nitric oxide modulates sensitivity to ABA. Plant Sci. 5, 314–316 (2010).
	25.	 León, J., Castillo, M. C., Coego, A., Lozano-juste, J. & Mir, R. Diverse functional interactions between nitric oxide and abscisic 

acid in plant development and responses to stress. Plant Sci. 65, 907–921 (2014).
	26.	 Prakash, V., Singh, V. P., Tripathi, D. K., Sharma, S. & Corpas, F. J. Crosstalk between nitric oxide (NO) and abscisic acid (ABA) 

signalling molecules in higher plants. Environ. Exp. Bot. 161, 41–49 (2019).
	27.	 Mobin, M. & Khan, N. A. Photosynthetic activity, pigment composition and antioxidative response of two mustard (Brassica 

juncea) cultivars differing in photosynthetic capacity subjected to cadmium stress. J. Plant Physiol. 164, 601–610 (2007).
	28.	 Sahay, S., Khan, E. & Gupta, M. Nitric oxide and abscisic acid protects against PEG-induced drought stress differentially in Brassica 

genotypes by combining the role of stress modulators, markers and antioxidants. Nitric Oxide 89, 82–91 (2019).
	29.	 Sahay, S., La, E. D., Torres, C., Robledo-arratia, L. & Gupta, M. Photosynthetic activity and RAPD profile of polyethylene glycol 

treated B. juncea L. under nitric oxide and abscisic acid application. J. Biotechnol. 313, 29–38 (2020).
	30.	 Cao, X. et al. Nitric oxide synthase-mediated early nitric oxide burst alleviates water stress-induced oxidative damage in ammo-

nium-supplied rice roots. BMC Plant Biol. 19, 108 (2019).
	31.	 Liao, W. B., Huang, G. B., Yu, J. H. & Zhang, M. L. Nitric oxide and hydrogen peroxide alleviate drought stress in marigold explants 

and promote its adventitious root development. Plant Physiol. Biochem. 58, 6–15 (2012).
	32.	 Zhao, Y. et al. The ABA Receptor PYL8 promotes lateral root growth by enhancing MYB77-dependent transcription of auxin-

responsive genes. Sci. Signal. 7, 53 (2014).
	33.	 Wei, L. et al. Abscisic acid enhances tolerance of wheat seedlings to drought and regulates transcript levels of genes encoding 

ascorbate-glutathione biosynthesis. Front. Plant Sci. 6, 458 (2015).
	34.	 Imber, D. & Tal, M. Phenotypic reversion of flacca, a wilty mutant of tomato by abscisic acid. Science 169, 592–593 (1970).
	35.	 Takahashi, K. Abscisic acid as a stimulator for rice mesocotyl growth. Nat. New Biol. 238, 92–93 (1972).
	36.	 Sharp, R. E., LeNoble, M. E., Else, M. A., Thorne, E. T. & Gherardi, F. Endogenous ABA maintains shoot growth in tomato inde-

pendently of effects on plant water balance: Evidence for an interaction with ethylene. J. Exp. Bot. 51, 1575–1584 (2000).
	37.	 LeNoble, M. E., Spollen, W. G. & Sharp, R. E. Maintenance of shoot growth by endogenous ABA: Genetic assessment of the involve-

ment of ethylene suppression. J. Exp. Bot. 55, 237–245 (2004).
	38.	 Quarrie, S. Use of genotypes differing in endogenous abscisic acid levels in studies of physiology and development. In Hormone 

Action in Plant Development: a Critical Appraisal (eds Hoad, G. V. et al.) 89–105 (Butterworths, 1987).
	39.	 Sharp, R. E. Interaction with ethylene: changing views on the role of abscisic acid in root and shoot growth responses to water 

stress. Plant. Cell Environ. 25, 211–222 (2002).
	40.	 Weston, G. D. Effect of abscisic acid on root and shoot growth of tomato. Hort. Sci. 11, 22–23 (1976).
	41.	 Trewavas, A. J. An assessment of the role of ABA in plant development. In Abscisic acid: Physiology and biochemistry (eds Davies, 

W. J. & Jones, H. G.) 169–188 (Bios Scientific Publishers, 1991).



14

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7992  | https://doi.org/10.1038/s41598-021-86401-0

www.nature.com/scientificreports/

	42.	 Munns, R. & Cramer, G. R. Is coordination of leaf and root growth mediated by abscisic acid?. Plant Soil 185, 33–49 (1996).
	43.	 Humplík, J. F., Bergougnoux, V. & Van Volkenburgh, E. To stimulate or inhibit? That is the question for the function of abscisic 

acid. Trends Plant Sci. 22, 830–841 (2017).
	44.	 Sahay, S. & Gupta, M. Effect of nitric oxide and abscisic acid on growth determinants in Brassica juncea cultivars subjected to 

PEG-induced water stress. Plant Arch. 18, 25 (2018).
	45.	 Kovács, Z. et al. Differential effects of cold acclimation and abscisic acid on free amino acid composition in wheat. Plant Sci. 180, 

61–68 (2011).
	46.	 Planchet, E. et al. Abscisic acid-induced nitric oxide and proline accumulation in independent pathways under water-deficit stress 

during seedling establishment in Medicago truncatula. J. Exp. Bot. 65, 2161–2170 (2014).
	47.	 An, Y., Zhang, M., Liu, G., Han, R. & Liang, Z. Proline accumulation in leaves of Periploca sepium via both biosynthesis up-

regulation and transport during recovery from severe drought. PLoS ONE 8, e69942 (2013).
	48.	 Zhang, M., Wang, L., Zhang, K., Liu, F. & Wan, Y. Drought-induced responses of organic osmolytes and proline metabolism during 

pre-flowering stage in leaves of peanut (Arachis hypogaea L.). J. Integr. Agric. 16, 2197–2205 (2017).
	49.	 Chen, J. B., Wang, S. M., Jing, R. L. & Mao, X. G. Cloning the PvP5CS gene from common bean (Phaseolus vulgaris) and its expres-

sion patterns under abiotic stresses. J. Plant Physiol. 166, 12–19 (2009).
	50.	 Lei, Y., Yin, C., Ren, J. & Li, C. Effect of osmotic stress and sodium nitroprusside pretreatment on proline metabolism of wheat 

seedlings. Biol. Plant. 51, 386–390 (2007).
	51.	 López-Carrión, A. I., Castellano, R., Rosales, M. A., Ruiz, J. M. & Romero, L. Role of nitric oxide under saline stress: implications 

on proline metabolism. Biol. Plant. 52, 587 (2008).
	52.	 Arasimowicz-Jelonek, M., Floryszak-Wieczorek, J. & Kubis, J. Involvement of nitric oxide in water stress-induced responses of 

cucumber roots. Plant Sci. 177, 682–690 (2009).
	53.	 Sharma, S., Villamor, J. G. & Verslues, P. E. Essential role of tissue-specific proline synthesis and catabolism in growth and redox 

balance at low water potential. Plant Physiol. 157, 292–304 (2011).
	54.	 Bhaskara, G. B., Yang, T.-H. & Verslues, P. E. Dynamic proline metabolism: importance and regulation in water limited environ-

ments. Front. Plant Sci. 6, 484 (2015).
	55.	 Maathuis, F. J. M. & Diatloff, E. Roles and functions of plant mineral nutrients. Methods Mol. Biol. 953, 1–21 (2013).
	56.	 Tadayyon, A., Nikneshan, P. & Pessarakli, M. Effects of drought stress on concentration of macro- and micro-nutrients in Castor 

(Ricinus communis L.) plant. J. Plant Nutr. 41, 304–310 (2018).
	57.	 Meng, Z. B. et al. Nitric oxide is the shared signalling molecule in phosphorus- and iron-deficiency-induced formation of cluster 

roots in white lupin (Lupinus albus). Ann. Bot. 109, 1055–1064 (2012).
	58.	 Sun, H. et al. Strigolactones are required for nitric oxide to induce root elongation in response to nitrogen and phosphate deficien-

cies in rice. Plant. Cell Environ. 39, 1473–1484 (2016).
	59.	 Shams, M. et al. Nitric oxide mitigates salt stress effects of pepper seedlings by altering nutrient uptake, enzyme activity and 

osmolyte accumulation. Physiol. Mol. Biol. Plants. 25, 1149–1161 (2019).
	60.	 Ahanger, M. A., Aziz, U., Alsahli, A. A., Alyemeni, M. N. & Ahmad, P. nfluence of exogenous salicylic acid and nitric oxide on 

growth, photosynthesis, and ascorbate-glutathione cycle in salt stressed Vigna angularis. Biomolecules 10, 1–42 (2019).
	61.	 Leterrier, M. et al. Function of S-nitrosoglutathione reductase (GSNOR) in plant development and under biotic/abiotic stress. 

Plant Signal. Behav. 6, 789–793 (2011).
	62.	 Yun, B. W. et al. S-nitrosylation of NADPH oxidase regulates cell death in plant immunity. Nature 478, 264–268 (2011).
	63.	 Leterrier, M. et al. Arsenic triggers the nitric oxide (NO) and S-nitrosoglutathione (GSNO) metabolism in Arabidopsis. Environ. 

Pollut. 166, 136–143 (2012).
	64.	 Kovacs, I. et al. ROS-mediated inhibition of S-nitrosoglutathione reductase contributes to the activation of anti-oxidative mecha-

nisms. Front. Plant Sci. 7, 1669 (2016).
	65.	 Lee, U., Wie, C., Fernandez, B. O., Feelisch, M. & Vierling, E. Modulation of nitrosative stress by S-nitrosoglutathione reductase 

is critical for thermotolerance and plant growth in Arabidopsis. Plant Cell 20, 786–802 (2008).
	66.	 Gong, B. et al. S-Nitrosoglutathione reductase-modulated redox signaling controls sodic alkaline stress responses in Solanum 

lycopersicum L. Plant Cell Physiol. 56, 790–802 (2014).
	67.	 Begara-Morales, J. C. et al. Nitric oxide buffering and conditional nitric oxide release in stress response. J. Exp. Bot. 69, 3425–3438 

(2018).
	68.	 Fan, S. C., Lin, C. S., Hsu, P. K., Lin, S. H. & Tsay, Y. F. The Arabidopsis nitrate transporter NRT17, expressed in phloem, is respon-

sible for source-to-sink remobilization of nitrate. Plant Cell 21, 2750–2761 (2009).
	69.	 Goel, P. & Singh, A. K. Abiotic stresses downregulate key genes involved in nitrogen uptake and assimilation in Brassica juncea L. 

PLoS ONE 10, e0143645 (2015).
	70.	 Robredo, A. et al. Elevated CO2 reduces the drought effect on nitrogen metabolism in barley plants during drought and subsequent 

recovery. Environ. Exp. Bot. 71, 399–408 (2011).
	71.	 Xie, T. et al. Exogenous 2-(3,4-Dichlorophenoxy) triethylamine ameliorates the soil drought effect on nitrogen metabolism in 

maize during the pre-female inflorescence emergence stage. BMC Plant Biol. 19, 107 (2019).
	72.	 Astier, J., Gross, I. & Durner, J. Nitric oxide production in plants: an update. J. Exp. Bot. 69, 3401–3411 (2018).
	73.	 Hancock, J. T. Considerations of the importance of redox state for reactive nitrogen species action. J. Exp. Bot. 70, 4323–4331 

(2019).
	74.	 Hancock, J. T. NO synthase? Generation of nitric oxide in plants. Period. Biol. 114, 19–24 (2012).
	75.	 Stohr, C., Strube, F., Marx, G., Ullrich, W. R. & Rockel, P. A plasma membrane-bound enzyme of tobacco roots catalyses the 

formation of nitric oxide from nitrite. Planta 212, 835–841 (2001).
	76.	 Hoagland, D. R. & Arnon, D. I. The water-culture method for growing plants without soil. Calif. Agric. Exp. Stn. Bull. 347, 36–49 

(1950).
	77.	 Ederli, L. et al. NO release by nitric oxide donors in vitro and in planta. Plant Physiol. Biochem. 47, 42–48 (2009).
	78.	 Luo, B. F. et al. Iron uptake system mediates nitrate-facilitated cadmium accumulation in tomato (Solanum lycopersicum). Plants. 

63, 3127–3136 (2012).
	79.	 Frungillo, L. et al. Modulation of mitochondrial activity by S-nitrosoglutathione reductase in Arabidopsis thaliana transgenic cell 

lines. Biochim. Biophys. Acta Bioenerg. 1827, 239–247 (2013).
	80.	 Airaki, M. et al. Detection and quantification of S-nitrosoglutathione (GSNO) in pepper (Capsicum annuum L.) plant organs by 

LC-ES/MS. Plant Cell Physiol. 52, 2006–2015 (2011).
	81.	 Cataldo, D. A., Maroon, M., Schrader, L. E. & Youngs, V. L. Rapid colorimetric determination of nitrate in plant tissue by nitration 

of salicylic acid. Commun. Soil Sci. Plant Anal. 6, 71–80 (1975).
	82.	 Snell, F. D. & Snell, C. T. Colorimetric Methods of Analysis. In 3rd Ed., Van Nostrand Co., New York vol. 2 ch. 67. (1949).
	83.	 Molins-Legua, C., Meseguer-Lloret, S., Moliner-Martinez, Y. & Campíns-Falco, P. A guide for selecting the most appropriate 

method for ammonium determination in water analysis. Trends Anal. Chem. 25, 282–290 (2006).
	84.	 Lindner, R. C. Rapid analytical methods for some of the more common inorganic constituents of plant tissues. Plant Physiol. 19, 

76–89 (1944).
	85.	 Masson, P., Dalix, T. & Bussière, S. Determination of major and trace elements in plant samples by inductively coupled plasma–mass 

spectrometry. Commun. Soil Sci. Plant Anal. 3, 231–243 (2010).



15

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7992  | https://doi.org/10.1038/s41598-021-86401-0

www.nature.com/scientificreports/

	86.	 Chesnin, L. & Yien, C. H. Turbidimetric determination of available sulfates. Soil Sci. Soc. Am. J. 15, 149–151 (1951).
	87.	 Yokoyama, S. & Hiramatsu, J. I. A modified ninhydrin reagent using ascorbic acid instead of potassium cyanide. J. Biosci. Bioeng. 

95, 204–205 (2003).
	88.	 Bates, L. S., Waldren, R. P. & Teare, I. D. Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207 (1973).
	89.	 Garcia-Rios, M. et al. Cloning of a polycistronic cDNA from tomato encoding gamma-glutamyl kinase and gamma-glutamyl 

phosphate reductase. Proc. Natl. Acad. Sci. USA 94, 8249–8254 (1997).
	90.	 Rena, A. B. & Splittstoesser, W. E. Proline dehydrogenase and pyrroline-5-carboxylate reductase from pumpkin cotyledons. Phy-

tochemistry 14, 657–661 (1975).
	91.	 Nagy, Z. et al. Metabolic indicators of drought stress tolerance in wheat: Glutamine synthetase isoenzymes and Rubisco. Plant 

Physiol. Biochem. 67, 48–54 (2013).
	92.	 Singh, R. P. & Srivastava, H. S. Regulation of glutamate dehydrogenase activity by amino acids in maize seedlings. Physiol. Plant. 

57, 549–554 (1983).
	93.	 Singh, R. P. & Srivastava, H. S. Increase in glutamate synthase (NADH) activity in maize seedlings in response to nitrate and 

ammonium nitrogen. Physiol. Plant. 66, 413–416 (1986).
	94.	 Gonzalez, A. et al. Cross talk among calcium, hydrogen peroxide, and nitric oxide and activation of gene expression involving 

calmodulins and calcium-dependent protein kinases in Ulva compressa exposed to copper excess. Plant Physiol. 158, 1451–1462 
(2012).

	95.	 Barroso, J. B. et al. Localization of S-nitrosoglutathione and expression of S-nitrosoglutathione reductase in pea plants under 
cadmium stress. J. Exp. Bot. 57, 1785–1793 (2006).

	96.	 Bradford, M. M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of 
protein-dye binding. Anal. Biochem. 72, 248–254 (1976).

	97.	 Goel, P., Bhuria, M., Kaushal, M. & Singh, A. K. Carbon: Nitrogen interaction regulates expression of genes involved in N-uptake 
and assimilation in Brassica juncea L. PLoS ONE 11, e0163061 (2016).

	98.	 Praveen, A., Pandey, A. & Gupta, M. Nitric oxide alters nitrogen metabolism and PIN gene expressions by playing protective role 
in arsenic challenged Brassica juncea L. Ecotoxicol. Environ. Saf. 176, 95–107 (2019).

	99.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2−ΔΔCT method. 
Methods 25, 402–408 (2001).

Acknowledgements
The work is supported from the University Grant Commission (UGC), Govt. of India (Grant Numbers F./PDFSS-
2015-17-UTT-12296) and the Instituto Nacional de Investigaciones Nucleares (ININ) and CONACyT-Sistema 
Nacional de Investigadores, Mexico, Mexico (Project Number CB-612) in the form of Post-Doctoral fellowship 
provided to one of author SS. The valuable advice of Dr. Christopher David Wood, Laboratorio Nacional de 
Microscopía Avanzada (LNMA), Univaersidad Nacional Autonoma de Mexico (UNAM), in the CLSM method 
used is appreciated. Also thanks to Dr. Eulogio De La Cruz Torres, Andrés Saralegui and Veronica Lira-Ruan for 
technical assistance during CLSM experiment. Facilities availed at the Institute of Biotechnology (IBT), UNAM, 
Mexico to carry out the CLSM study is greatly acknowledged. We also acknowledge Kathryn Partlow, a senior 
research proposal development specialist at the office of Research and Economic Development, University of 
Nebraska-Lincoln, for the English editing in the revised manuscript.

Author contributions
All the authors contributed significantly to the preparation of manuscript. M.G. conceived idea, designed experi-
ments and drafted the final MS. S.S. conducted all experiments, compiled and analyzed the data. S.S. and L.R.A. 
contributed to perform the experiments, analysis and interpretation of data. K.G. contributed to scientific dis-
cussion and first and final draft of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​86401-0.

Correspondence and requests for materials should be addressed to M.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-86401-0
https://doi.org/10.1038/s41598-021-86401-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Root NRT, NiR, AMT, GS, GOGAT​ and GDH expression levels reveal NO and ABA mediated drought tolerance in Brassica juncea L.
	Results
	Effect of water stress on growth, biochemical and physiological parameters, and transcript levels. 
	Effect of application of nitrate agonists on growth, biochemical, physiological and transcript levels under PEG-water stress. 

	Discussion
	Conclusions
	Materials and methods
	Plant material, growth conditions and stress treatment. 
	Phenotypic changes and growth parameters. 
	Biochemical analysis. 
	Measurement of cell viability (Evan’s Blue uptake). 
	Analysis of endogenous NO, total S-nitrosothiol (SNO) and S-nitrosoglutathione (GSNO). 
	Analysis of nitrogenous compounds and total N nitrogen. 
	ICP-MS analysis for macro–micro elements. 
	Estimation of total free amino acids, proline and proline metabolism enzymes. 
	Activities of key enzymes of N-metabolism. 
	Activities of key enzymes of NO-metabolism. 
	Protein estimation. 

	RNA extraction, cDNA preparation and gene expression analysis. 
	Statistical analysis. 

	References
	Acknowledgements


